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Introduction
Most of power electronic circuits are connected to the grid and one is not allowed to force a point to the safety ground. However, in power electronics most measurements are not referred to the safety ground, such as in switching mode power supplies, inverters, motor drives etc. One way is to use a scope with galvanic insolated channels but the price of such equipment is quite high, some scopes are sold with "insulated channels" where a reasonable insulation is only obtained when high voltage probes are connected, so it is dangerous for ignorant beginners which would still use them with low voltage probes (not more than 30V RMS insulation in that case) [1] . Also, the digital data transmission inside the oscilloscope is often disturbed by the high dv/dt of power electronics. In fact, to work in a safe way, the equipment should rather withstand a voltage level of a double insulation. One of the main reasons is that inexperienced persons who need more protection are not being aware of it and may not look carefully with which type of oscilloscope they are working and which exact probes are connected. On the market we see mainly high priced single channel probes, and often battery powered. This made us think to develop differential probe with high performance, high voltage (up to ±3kV in differential measurement and 6kV in common mode), which permits to measure safely in power equipment up to 2kV peak, with a proper safety margin. Moreover, the probe includes two channels in one device which makes it even more cost effective per/channel.
Overview of the probe
The block diagram of the probe is depicted in Fig. 1 . In order to achieve high electromagnetic compatibility a few screens are added -between the two channels and between the channels and the power supply [2, 3] . The supply is grid connected with very low stand-by consumption. This option makes the probe attractive for laboratory research and didactical training without any concerns about the continuous operation. Other applications are data acquisition and monitoring. Fig. 2 . Since the probe is also used for DC and low frequency voltages, the accuracy of the implemented resistors in the resistive divider is important. The accuracy of the high voltage resistors is 1% and 5% for capacitors. On the capacitive side some tuning is provided, as we are used to with probes, but this time it is internally [4, 5] . The lay out around the input resistor is made to increase its parasitic resistance. The capacitor C5 helps to remove the remaining tolerance in the divider. [6] . The capacitor value is tuned by overlapping the top copper polygons with the bottom one. The parasitic capacitor Cpar1 in Fig. 3 represented in equivalent scheme of a high-ohm resistor (R1', Cpar and R1"), is strongly coupled by the floating copper pour on the bottom side of the PCB capacitor. By doing so, the influence of the other parasitic capacitors, determined form the surrounding objects and the high-ohm resistor, are suppressed significantly. The final tuning of the capacitor divider is made by C5 and C6. The lay out has to be done including the screens in the remainder of the enclosure. The first op-amp divides by 500, the second op-amp is used to determine the attenuation ratio 1:50 or 1:500. The selected op-amp, has a slew rate of about 150V/µs. Taking in account an attenuation of 500, we see that about 75V/ns could be followed at the input of the divider, and 7.5V/ns at a 1:50 level. The supply voltage of the operational amplifier is ±12V which makes it very suitable for available existing power supplies, and can deliver a good output voltage.
Calibration procedure
The circuit contains four adjustable components, so some calibration is required. The calibration is done in several iterations by applying rectangular pulses to the input. First the active output from the generator is connected to the inverting input and the generator ground to the non-inverting. The frequency of the input signal is 100 Hz. The output wave form is adjusted by C1and it must be tuned until a rectangular wave form is obtained on the oscilloscope screen. The next calibration frequency is 50kHz square wave the value of C7 must be set on such way that output waveform to be as close as possible to the rectangular pulses and the maximum value of the pulse must be the same like the low frequency one. After this, the inputs must be changed and repeat the upper sequence of steps. Here have to be taken into account that the tuning has to be made until the amplitudes matches with the previous calibration and the rectangular pulses as well. By repeating this sequence two or three times the amplitudes and the pulses appear well performed from the device. If everything in the previous steps is well done, the CMRR and the bandwidth test will be very well performed from the channel in general as well. Fig. 4 : Bandwidth of both channels of the probe After the calibration procedure, the bandwidth of both channels was measured and is shown in Fig. 4 The bandwidth is relatively flat with some deviations of 2..3% for some frequencies. The 3dB bandwidth is10MHz, so we can consider the range for sufficient for power electronics devices. One can obtain a somewhat higher bandwidth, but the expense of the more complexity and more tuning Test under rectangular pulses Fig .5 to Fig. 8 show rectangular input pulses (blue channel) and output pulses (yellow) from the probe. The test is made both cases -the active output from the generator to the inverting input and vice versa. The frequencies are typical for power electronics (converters DC choppers, frequency converters, switched mode power supplies, zero voltage and zero current converters) 1 kHz, 3 kHz, 10 kHz, 30 kHz, 100 kHz and 300 kHz. We don't observe any overshoot spikes in the rising and falling edges and the pulses are very closer to the original ones. This is an important feature in converters as one wants to know the peak voltage occurring at the power components. In digital insulated channels often inexistent spikes are appearing, which are due to dv/dt disturbances, this is not the case here. False spikes make indeed power electronic debugging difficult, in order to separate what are real peaks and what is generated by the scope. Here we can avoid this problem. The same test is repeated by reversed inputs of the probe and the pulse generator and the results are the same. These measurements are made for both of the channels and the results are very similar.
Experimental results

Bandwidth of the probe
CMRR test and CMRR under high dv/dt voltages
The next images, Fig. 10 a) and b) , are realized by using a DC chopper, capable of generating narrow pulses with very high dv/dt-approximately 7V/ns and amplitude up to 330V which are typical in switched mode power supplies and motor drive designs. Fig. 10 a) shows a comparison between both pulses -input channel 2 (blue) and the output of the probe (yellow) channel 1. As we can see the pulses are very close to each other without any spikes in the fronts. Fig.10 b) shows a comparison between the rising fronts of the input and output voltages. The dv/dt of the input signal is close to 7.3V/ns or 220V/30ns (channel 2 -blue) and as we can see the output (channel 1 -yellow) voltage is capable of following such high dv/dt voltages. 11 shows the common mode rejection of the probe with short circuited inputs attached to the active output of the DC chopper. In [7] the author uses a ferrite to balance the channels which makes the design more complicate. In our design some tuning capacitors are added. The input voltage is about 344V and the output voltage is 1.88V multiplied by 50 from the scope, so we have about 0.55V output per 100V input. Most of the gates driving pulses are above 10V, so in case of measurements such signals on the top transistors in an inverter supplied with 300V the common mode voltage which will appear is 1.5V, so the differential probe is appropriate and for this kind of measurements as well.
With the current settings of the components in the probe common mode rejection is roughly 40dB. The small spikes in Fig. 11 show that some more tuning of the forcing capacitors C7 and C8 is needed but the amplitude is acceptable for at this level of design.
The probe is tested with high voltage DC source with output voltage up to 8 kV and no coronas or flashovers between the components and the PCB and components to components were observed. The input impedance is measured by using a precise capacitance meter with Kelvin probes Hameg (HM8118) and the capacitance is about 1.8pF between the inputs. A low capacitance is important in case of measuring MOSFET and IGBT gate signals. The input resistance is about 50Mohm, permitting to reach >10 Mohm insulation even if both channels are used.
A picture of the complete device is presented in Fig. 12 . The topology is very close to symmetry and this is the reason of the similar performance mentioned above. The top side of the PCB capacitor can be seen as well. The practical experiment showed that the distance between the high-ohm resistor and this capacitor is not critical. 
Conclusions
A probe with very good performance is developed, specially adapted to the needs of didactical and development use in power electronics. The bandwidth is sufficient most of for power electronic applications, but special attention has been given to dv/dt aspects. It follows the slew rate of 5V/ns at /50 and V/ns at highest attenuation of /500 and it displays square waves without overshoot. Moreover, the stand-by power is below 0.9W.
